








































0Catalysis Today 244 (2015) 85–95
Contents lists available at ScienceDirect
Catalysis Today
j our na l ho me page: www.elsev ier .com/ locate /ca t tod
igh-pressure  operando  STM  studies  giving  insight  in  CO  oxidation
nd  NO  reduction  over  Pt(1  1  0)
.A.  van  Spronsen ∗,  G.J.C.  van  Baarle,  C.T.  Herbschleb,  J.W.M.  Frenken,  I.M.N.  Groot
uygens-Kamerlingh Onnes Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 1 June 2014
ccepted 7 July 2014




a  b  s  t  r  a  c  t
Two  catalytic  systems  have been  studied  at high  pressures  on  the  Pt(1  1  0)  surface  on an  atomic  level.  The
ﬁrst  system  was  the  oxidation  of CO  by  O2 towards  CO2. In the  framework  of  the  second  reaction,  namely
NO  reduction,  the  effect  of room  temperature  exposure  of  the  surface  to  NO and  H2 was  investigated.
To  study  these  reaction  systems  at relevant  pressures,  the  ReactorSTM  has been  used.  This is  a unique
system  which  consists  of a  compact  STM  in  which  a ﬂow  reactor  is integrated.  The  combined  reactor  with
STM is housed  inside  a conventional  vacuum  system  to  allow  for traditional  surface  science  preparation






the  lifting  of  the  (1x2)  missing  row reconstruction  by  high-pressure  CO  exposure.  The lifting  is  followed
by  the formation  of  the  (1x1)  metallic  Pt(1  1 0)  structure  for high  CO/O2 ratios  and  a  (1x2)  lifted-row  type
surface  oxide  structure  for more  O2-rich  conditions.  The  room  temperature  exposure  of Pt(1 1 0)  to H2
results  in the  formation  of  a (1x4)  missing-row  structure  and  deeper,  nested  missing  rows.  The exposure
to  high-pressure  NO removes  these  missing-row  structures.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-SA
canning tunneling microscopy
. Introduction
Much of our current knowledge of the precise mechanisms
nderlying chemical reactions at catalyst surfaces is derived
rom experiments under ultra-high vacuum (UHV) or high vac-
um (HV) conditions. This discrepancy with respect to the
ypical working conditions of practical catalysts (i.e., high pres-
ures (HP) and elevated temperatures) comes from the fact
hat many surface-sensitive techniques such as low-energy elec-
ron diffraction (LEED), Auger electron spectroscopy (AES), and
-ray photoelectron spectroscopy (XPS) cannot be combined
asily with the environment to which a catalyst would nor-
ally be exposed. Typical examples of catalysis would be the
hree-way catalyst in an automotive exhaust system, or catalytic
rocesses in the petrochemical industry. Moreover, UHV condi-
ions provide a clean and easily controllable environment for
ccurate experiments [1,2]. Although such low-pressure model
tudies have contributed extensively to our fundamental under-
tanding of catalysts, recent investigations at high gas pressures
ave yielded new insights that go beyond the mere extrap-
lation of the low-pressure results [3–6]. This difference is
ften referred to as the “pressure gap” [7,8]. Recently, several
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surface analysis techniques have been adapted to realistic con-
ditions. Examples are transmission electron microscopy (TEM)
[9], surface X-ray diffraction (SXRD) [10], scanning tunneling
microscopy (STM) [8,11,12], and atomic force microscopy (AFM)
[13].
Scanning tunneling microscopy is one of the few atomically sen-
sitive surface science techniques that do not introduce fundamental
problems or limitations when bridging the pressure gap. This tech-
nique can operate in the full range from UHV to HP of, e.g., 1 bar and
beyond, and from cryogenic temperatures to temperatures well
above 1000 K [14,15]. With its capability to image surfaces with
atomic resolution, STM holds the promise to determine the detailed
dependence of the structure of model catalyst surfaces on various
gas environments, to identify the active sites for catalytic reactions,
and to elucidate the role of possible promoters, all under the rel-
evant, high-pressure, high-temperature conditions of the catalytic
processes of interest. The weak, local interaction of the tip with
the surface provides conﬁdence that in most cases this interaction
will not signiﬁcantly affect the structure and the properties of the
catalyst. These advantageous properties of the technique go hand-
in-hand with a demanding combination of technical difﬁculties,
involving, e.g., the imaging stability of the instrument in terms of
drift and noise resulting from temperature and pressure variations,
and from the presence of a gas ﬂow. In addition, the signal-to-noise
ratio in the detection of the reaction products in the gas mixture is
demanding as well.
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In order to investigate the relationship between surface struc-
ure and activity of a catalyst under industrially relevant conditions,
e have developed the ReactorSTM system [16]. This system com-
ines a small ﬂow reactor, integrated with an STM into a UHV
ystem that is equipped with standard, high-quality surface prepa-
ation and analysis techniques, such as ion bombardment, metal
eposition, XPS, AES, and LEED. The architecture of the system is
uch that the sample can be transported from the various sample
reparation and analysis tools into the ReactorSTM without break-
ng the UHV conditions. During the HP STM experiments, the UHV
tays uncompromised even at pressures inside the reactor well
bove 1 bar. The ﬂow-reactor geometry and the special design of
he low-volume high-purity gas supply system allows us to con-
inuously control the gas mixture composition in the reactor, the
ow rate, and the reactor pressure, and it allows for rapid, time-
esolved analysis on the gas efﬂuent from the reactor during STM
maging, without the need to retract the tip, which would result
n a ‘blind moment’. In this way, this system enables us to study
he surface structure of an active catalyst with atomic resolution,
ombined with simultaneous reactivity measurements. Thereby,
e can directly correlate structural changes with chemical activ-
ty. The system is a strongly improved version of the prototype
hat we reported on earlier [3,11] and a commercial version has
een developed by Leiden Probe Microscopy BV [17]. In this paper,
e report on the ﬁrst results from this new instrument applied to
wo different catalytic reactions, both on the Pt(1 1 0) surface: CO
xidation and NO reduction. CO oxidation is one of the reactions
ccurring in the catalytic cleaning of exhaust gases from automo-
ive engines. Selective oxidation of CO to CO2 has also received
ajor attention in order to clean H2 streams for fuel cells [18]. Typi-
al catalysts used for this reaction include the noble metals, such as
t [19]. The (1 1 0) surface of Pt is perhaps the best studied surface
fter Pt(1 1 1) for the oxidation of CO. Early studies of this reac-
ion system have revealed highly interesting phenomena, such as,
inetic oscillations [20] and reaction induced faceting [21]. How-
ver, these phenomena were observed in a pressure range from
igh vacuum to UHV and using traditional surface science tech-
iques. This experimental window in which detailed information
f the surface can be obtained has been dramatically increased
y the recent developments of in situ and operando techniques.
ecause of the interesting discoveries obtained in vacuum, it is
asy to understand that this surface received much attention from
esearchers using these newly developed techniques. One of the
ey questions is whether the behavior observed under vacuum con-
itions can be extrapolated to real reaction conditions and which
ew surprises can be found on the other side of the pressure
ap.
High-pressure STM [3] and SXRD combined with DFT [4] have
evealed the appearance of new surface structures and composi-
ions, depending on the gas composition. Two of these structures
re oxidic in nature. One is a surface oxide probably stabilized by
arbonate ions and oxygen atoms. This oxide is observed when the
atio between the partial pressures of CO and O2 is not too low. The
ther oxidic structure is a thin ﬁlm of bulk-like ˛-PtO2 and is formed
t lower CO to O2 partial-pressure ratios. Interestingly, both oxides
how a higher reactivity towards CO oxidation compared to the
etallic surface. The formation of ˛-PtO2 and the reactivity to CO
as been conﬁrmed by one ambient-pressure XPS study [22], while
 second study at slightly different pressure and gas compositions
ompared to the STM and SXRD studies showed only the metallic
urface [23]. In addition to the surface oxide observed by SXRD, a
ifferent structure has been observed in which O atoms bind to the
CC hollow sites of a reconstructed (1x2)-Pt(1 1 0) surface. In this
urface oxide, the O-atom-induced stress leads to the ejection of Pt
toms in a highly ordered manner, so that a Pt(1 1 0)-(12x2)-22O
tructure is adopted [24]. However, DFT combined with ab initiois Today 244 (2015) 85–95
thermodynamics predicts that this surface oxide is not stable under
reaction conditions [25,26].
The oxidation of CO by O2 serves as a ‘model system’ to demon-
strate the improved resolution of the ReactorSTM under catalytic
conditions.
The second part of this work describes experiments on the
interaction between NO and H2 and the Pt(1 1 0) surface. These
interactions are key factors in understanding the selective reduc-
tion of NO, which is an extremely important process to clean
exhaust gases of engines and large turbines. In contrast to the oxi-
dation of CO, there is hardly any in situ or operando result reported
on the reduction of NO. Previous work from our group shows that
results obtained under reaction conditions strongly differ from the
results obtained in UHV on the reaction between NO and CO on
Pt(1 0 0) [27]. On Pt(100), the surface switches between a (1x1)
reconstruction and a quasi-hexagonal structure depending on the
CO/NO ratio at 1.25 bar.
Different reducing agents can be used for this reaction, such as
unburned fuel remains, CO and H2. Hydrogen can be formed in
exhaust gases by a water gas shift reaction (Eq. (1)) or via steam
reforming with for example methane (Eq. (2)).
CO + H2O → CO2 + H2 (1)
CH4 + H2O → CO + 3H2 (2)
We continue this paper with a brief description of the
ReactorSTM and the considerations with respect to purity and
contaminations. After the experimental section, the results of the
high-pressure, high-temperature study of CO oxidation on Pt(1 1 0)
are described and discussed, followed by the structural changes
observed on the same surface during high-pressure room temper-
ature exposure to H2 and NO.
2. Experimental
The results presented in this paper have all been obtained with
the ReactorSTM [16] and establish the ﬁrst scientiﬁc output of
this unique system, which is an improved version of the HP STM
described by Rasmussen et al. [11]. Herbschleb et al. describe the
ReactorSTM in full detail elsewhere [16]. Therefore, we only sum-
marize the most important features of the system. The ReactorSTM
is a ﬂow cell integrated within an STM inside a UHV system. Only a
few parts of the STM are exposed to the reactive gases, i.e.,  the tip
and a slider that forms part of the STM’s coarse approach mecha-
nism. Most parts of the STM, such as the piezo tube, are outside the
ﬂow cell.
The combination between a UHV system and a ﬂow cell gives
the best of both worlds, fundamental surface science and the more
applied catalytic research. We  can use model catalysts and obtain
a very clean and controlled starting point for the high-pressure
experiment. Because we use a small ﬂow reactor instead of back-
ﬁlling a large-volume chamber, we can measure the reactivity with
a much lower detection limit and higher time resolution. This reac-
tivity is measured by leaking a small fraction of the gas from the
reactor into a separate UHV chamber housing a Quadrupole Mass
Spectrometer (QMS).
The Pt(1 1 0) sample, which was spark cut and polished to
within 0.1◦ from the (1 1 0) plane [28], was cleaned with repeti-
tive Ar+ sputtering and annealing in UHV at temperatures between
900 and 1100 K before every experiment. This procedure was
complemented with an anneal step at 800 K in an oxygen atmo-
sphere (1 × 10−8 − 1 ×10−7 mbar) to remove residual carbon. The
removal of carbon and other impurities was  checked with AES,
until the peaks corresponding to impurities were on the level of
the noise. In addition to the surface purity, LEED was used to deter-
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howed a well-deﬁned (1x2) reconstruction. This reconstruction,
he missing-row reconstruction, is known to occur on the clean
1 1 0) surfaces of Ir, Au, and Pt under UHV conditions [29]. The
ell-known distances of 0.78 nm [30] between the missing rows
f the clean Pt(1 1 0)-(1x2) surface in UHV have been used to cal-
brate the in-plane displacement of the piezo tube scanner of the
TM. Monoatomic steps of the Pt(110) surface have been used to
alibrate the vertical direction.
In order to start a high-pressure experiment, the sample must
e transferred to the reactor. The sample itself forms the top wall
f the reactor and is pressed onto the reactor body, which holds
he STM tip and the electrical connection from the tip to the STM
reampliﬁer. The sample is sealed on the reactor with a ﬂuoroe-
astomer (Kalrez) o-ring, forming a high-pressure vacuum barrier
hat allows to maintain UHV conditions in the STM chamber and a
ressure in the reactor of up to 6 bar. After the sample is pressed
n the reactor, the reactor volume is no longer being pumped until
he high-pressure gas ﬂow is admitted. The pressure in the stage
etween UHV sample cleaning and the starting of the high-pressure
xperiment is solely determined by outgassing of the ﬂuoroelas-
omer and other polymer parts, which is roughly estimated to
e lower than 1 × 10−5 mbar. This outgassing is both temperature
ig. 1. STM images and corresponding height proﬁles obtained with the ReactorSTM
uring CO oxidation experiments under high-pressure, high-temperature condi-
ions. (A), The missing-row reconstruction, room temperature, vacuum, 25 nm ×
5  nm,  Vbias = 2.39 V, and Itunnel = 49 pA. Partial lifting of the reconstruction is observ-
ble in the top left of the image. (B), the unreconstructed (1x1) surface in CO-rich
onditions, 1 bar, 433 K, 7.5 nm × 7.5 nm,  Vbias = −0.04 V, and Itunnel = −86 pA. (C),
he  (1x2) surface oxide in O2 rich-conditions, 1 bar, 433 K, 12.5 nm × 12.5 nm,
bias = −0.10 V, and Itunnel = −39 pA. A few bad scan lines due to feedback instabil-
ties have been removed to enhance the image quality. (C′), large scale image of
he  surface oxide, same conditions, 210 nm × 210 nm [3]. (C′) shows the forma-
ion  of protrusions on the surface as a result of the Mars-van Krevelen-like reaction
echanism.is Today 244 (2015) 85–95 87
and time dependent with possibly some memory effects occurring
between experiments. However, careful baking of the entire reactor
should minimize crosstalk between experiments.
Recently, we have implemented a new conﬁguration in which
two small pumping lines have been constructed to maintain some
pumping of the reactor volume by the UHV chamber in the time lag
between UHV and HP conditions. This improved conﬁguration has
been used for the NO and H2 exposure experiments reported here.
Before the STM experiment can start, a coarse approach needs to be
employed to bring the tip within tunneling distance of the surface.
Since there is no optical access to the STM when the reactor is closed
this coarse approach must bridge a few millimeters and roughly
takes between 20 and 60 minutes. To keep the sample as clean as
possible one needs to question whether it is better to approach in
a vacuum determined by outgassing and low pumping speed or to
expose the sample directly to a ﬂow of high-pressure inert gases.
When ﬂowing high pressure of a gas mixture, the contamination
is limited by the impurity level in the gas feed. The used gases all
have typical purities of 6.0 N, which corresponds to an impurity
level of 1 ppm. This impurity level corresponds to a partial pressure
of 1 × 10−3 mbar at a total pressure of 1 bar. However, having a gas
ﬂow through the reactor has the advantage that partial pressures of
impurities outgassing from the polymer components are reduced
to lower levels.
To start a high-pressure experiment with a sample that resem-
bles the well-prepared UHV sample as closely as possible, it was
found that it was best to execute the coarse approach step before
introducing the gas ﬂow.
Mechanically cut PtIr tips have been used in the CO oxidation
experiments without any in situ pretreatment. On  the other hand,
AC-etched (in aqueous solution of NaOH) W has been used as a
tip in all the NO and H2 exposure experiments. After introduction
into the STM, the W-tip was sputtered with Ar+ to remove oxides
and other contaminants from the apex of the tip. All STM images
have been recorded from top left to bottom right with the fast scan
direction from left to right and have been corrected with line-by-
line background subtraction and have been analyzed and imaged
using Gwyddion [31] and Spacetime [32].
3. Results and discussion
3.1. CO oxidation over Pt(1 1 0)
Figs. 1 and 2 summarize characteristic STM images obtained
during CO oxidation over Pt(1 1 0). Fig. 1 shows three STM images
of the Pt(1 1 0) surface under different reaction conditions. Fig. 1A
(25 nm × 25 nm)  shows the surface in vacuum at room temperature
after being transferred to the reactor, and after the coarse approach
of the tip. The surface clearly shows a pattern of rows. The dis-
tance between these rows is 0.75 ± 0.03 nm determined from the
height proﬁle shown in Fig. 1A, which is in excellent agreement
with the theoretical value of the (1x2) missing-row reconstruction
of 0.78 nm [30]. Interestingly, in the upper left part of the image the
surface deviates from the missing-row pattern and small patches
become apparent. At this point the surface has been exposed to
poor vacuum, determined by the outgassing of the reactor walls
and seals without being pumped for the time it takes to perform
the approach of the tip. Therefore, we attribute the appearance of
these patches to the partial lifting of the (1x2) missing-row recon-
struction due to adsorption of outgassing molecules.
The sample was  heated to 433 K and a ﬂow of a mixture of CO
and O2 (CO/O2 ratio >0.2) was  introduced at a total pressure of
1 bar. Under these conditions, the (7.5 nm × 7.5 nm)  STM image
shown in Fig. 1B has been recorded. Excitingly, the high-pressure
and elevated temperatures have not signiﬁcantly deteriorated the
imaging quality. The image clearly again shows a row pattern on the
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Fig. 2. STM images obtained with the ReactorSTM demonstrating the development of roughness at various stages of the CO oxidation experiment. (A), missing-row recon-
struction, room temperature, vacuum, 4.5 nm × 4.5 nm,  Vbias = −0.10 V, and Itunnel = −52 pA. (B), lifting of the reconstruction observed during exposure to 1 bar of CO. Note that
the  transition from the missing-row reconstructed (1x2) surface to the (1x1) structure has made the surface rough. T = 433 K, 15 nm × 15 nm, Vbias = 0.10 V,  and Itunnel = 749 pA.
(C),  ﬂat (1x1) structure in a CO-rich ﬂow, T = 433 K, 4.5 nm × 4.5 nm,  Vbias = −0.04 V, and Itunnel = −86 pA. (D), commensurate (1x2) structure, observed immediately after switch-
ing  to a more O2-rich gas mixture. Note that the surface is still relatively smooth. T = 433 K, 4.5 nm × 4.5 nm.  (E), Rough, metallic (1x1) surface, observed after increasing the
CO  content of the gas mixture again. T = 433 K, 4.5 nm × 4.5 nm,  Vbias = 0.08 V, and Itunnel = −1004 pA.
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Fig. 3. A ball model explaining the different transitions observed in studying CO
oxidation on Pt(1 1 0). (A) shows the missing-row reconstruction in vacuum. This
reconstruction is lifted in CO-rich ﬂow to give a rough (1x1) surface, (B). This rough-
ened surface ﬂattens out with time, (C). When the O2 content is increased the

































Fig. 4. Semi-logarithmic plot of the reaction kinetics during CO oxidation, measured
with a QMS. The measured ion current is proportional to the partial pressure of the
selected mass. (A), two cycles in which the gas composition has been changed back
and  forth from CO (solid line) to O2 (dashed line) rich. The product of this reaction,
CO2 (dotted line) shows broad peaks during the switching between the gases that
can  be explained with LH kinetics. In the case of random adsorption, the maximum
of  each LH peak corresponds to a situation with equal Oad and CO coverages. (B)
and  (C), grey dashed regions are replotted on an expanded time scale. The oxide
shows higher activity (compare the tails in CO2 between (C) and (B)). The spike in
(B) indicates the high reaction rate on the oxide during the initial stage of increase of
the  CO partial pressure, followed by the drop in the rate, when the oxide is removedion mechanism increases the roughness over time, (E). Increasing the CO partial
ressure results in a rough (1x1) surface, (F), which smoothens over time, (C). At
igh O2 partial pressures the incommensurate ˛-PtO2 can be formed, (G).
wo imaged terraces. The distance between these rows corresponds
o the (1x1) unreconstructed surface, as can be read off from the
eight proﬁle in Fig. 1B. This is the ﬁrst time that the row structure
f this surface has been observed under these reaction conditions.
he blurry appearance of the step edge reﬂects the highly dynamic
tep ﬂuctuations that are typical, given the high-temperature, high-
ressure conditions. To summarize, the high-pressure exposure of
he Pt(1 1 0) surface to a CO-rich ﬂow lifts the (1x2) missing-row
econstruction and reveals a well-ordered (1x1) structure.
Fig. 1C shows the sample in an O2-rich ﬂow with a CO/O2 ratio
f less than 0.2. In this regime, the surface has switched again, this
ime to a row pattern with a row distance of 0.72 ± 0.06 nm,  corre-
ponding to a (1x2) structure. Remarkably, even with the roughness
e observed under these conditions, the atomic rows are resolved
nd they exhibit the same row distance at all height levels.
This (1x2) structure is not a missing-row reconstruction. If it
ere, one should expect an abrupt increase in roughness, when
he surface switches from the (1x1) to the (1x2) structure, since the
op layer of Pt atoms in the (1x1) surface contains twice the num-
er of Pt atoms compared to the top layer of the (1x2) missing-row
econstruction. As a result, one should expect that after the tran-
ition the surface would exhibit an island and hole pattern of two
eight levels. This transition-induced roughness would then decay
ver time. However, this behavior has not been observed. Instead,
he opposite was witnessed. Immediately after the switch, there
as no increase in roughness, whereas roughness was  observed to
uild up as a function of time after the transition. Fig. 1C shows stage in which signiﬁcant roughness had been built up already,
n the form of protrusions with a height of several nanometers.
his increased roughness could be attributed to the catalytic reac-
ion taking place under these conditions. Before discussing thisdue to the high CO partial pressure.
mechanism in further detail, we  present results of more experi-
ments where we attempted to decouple both mechanisms (decay of
the roughness introduced by lifting of the surface reconstruction vs.
building up roughness due to the catalytic reactions). We  prepared
a clean Pt(1 1 0) surface, exposed it to a high-pressure CO ﬂow in
order to ﬁnd the initial roughness that is associated with the lifting
of the (1x2) missing-row reconstruction and the decay over time.
The results of this experiment are shown in Fig. 2. Fig. 2A shows
the initial (1x2) reconstructed Pt(1 1 0) surface, imaged in vacuum.
After setting up the CO ﬂow at 1 bar, we ﬁnd initially increased
roughness (Fig. 2B) which eventually decays, resulting in the ﬂat
(1x1) periodicity (Fig. 2C).
The experiment was continued by adding O2 to the ﬂow. The
(1x1) surface shown in Fig. 2C changes to the (1x2) structure when
the CO/O2 ratio is decreased below 0.2 (O2 rich mixture, Fig. 2D),
which corresponds to the conditions of the measurement shown
in Fig. 1C. Because the dimensions of 2C and 2D are identical,
the images can be directly compared and the doubling of the dis-
tance between the rows is clearly observable. In Fig. 2D, there
is no immediate increase in roughness, excluding the possibility
that this structure reﬂects the formation of the missing-row recon-
struction, as explained above. Prolonged exposure of the sample to
O2-rich conditions results in the increase of roughness over time,
which is intimately related to catalytic turnover. This will be further
discussed below. The result of this roughening is still present imme-
diately after switching the ﬂow back to CO-rich conditions and the
accompanying transition from (1x2) back to (1x1). Under CO-rich











































to higher pressures and temperatures, but also measure the reac-
tion kinetics simultaneously with imaging the surface. The kinetic
results for the present study of CO oxidation are presented in Fig. 4.
The most obvious features in Fig. 4 are the broad peaks in the CO2ig. 5. (A), STM image, 84 nm × 85 nm,  Vbias = −0.70 V, and Itunnel = 121 pA with, (B), t
t  room temperature prior to the NO reduction experiments.
onditions (Fig. 2E) the surface roughness decreases steadily over
ime to the level of Fig. 2C.
The nature of the (1x2) structure occurring under reaction con-
itions at CO/O2 partial pressure ratios below 0.2 has been studied
reviously by STM [3], SXRD, and DFT [4]. The STM study suggested
he structure to be an oxide, based on a change detected in the elec-
ronic structure inferred from Scanning Tunneling Spectroscopy.
he SXRD study identiﬁed this structure under similar conditions
o be a commensurate lifted-row reconstruction in which every
econd row is lifted, thus giving a (1x2) periodic structure. The
owest-energy structure with such lifted rows, found in DFT cal-
ulations, was stabilized by a combination of a row of carbonate
ons below each lifted Pt row [4]. In addition to pushing the Pt row
p, they also displace it sideways, in accordance with the SXRD
nalysis. In addition, the DFT results indicate the presence of a row
f surface oxygen atoms bonding to each lifted Pt row. Combin-
ng the results of these studies, it is convincingly shown that this
1x2) structure formed under O2-rich conditions is a commensu-
ate oxide in which every second row is lifted by the incorporation
f carbonate ions. Figs. 1C and 2D represent the ﬁrst series of STM
mages in which this (1x2) lifted-row structure, which only appears
nder these harsh reaction conditions, is resolved in real space.
The increasing roughness under reaction conditions has been
easured before on Pt(1 1 0) [3] and on Pd(1 0 0) [33,34], and is
xplained as a side effect of a Mars-Van-Krevelen-like reaction
echanism [35]. In this mechanism, the catalyst plays an even more
ntimate role than in other reaction mechanisms in heterogeneous
atalysis. One of the reactants actually reacts with the catalyst to
orm a ﬁlm of what could be regarded as an intermediate prod-
ct in the reaction. Subsequently, the other reactant reacts with
his intermediate product. In this model catalyst, we have identi-
ed the active structure of the catalyst under O2-rich conditions
o be a commensurate surface oxide, as explained above. The oxy-
en atoms from the oxide layer react with CO to form CO2, leaving
ehind reduced and undercoordinated Pt atoms.
Pt atoms that become sufﬁciently undercoordinated, which
robably requires the local loss of two or more oxygen atoms, may
e expected to become mobile and diffuse over the surface. These
t atoms will become immobilized again when they are oxidized
y oxygen arriving from the gas phase. This reduction-diffusion-
xidation cycle will enhance the roughness of the surface.
When the CO/O2 ratio is decreased even further, the hexagonal
nd incommensurate ˛-PtO2 is formed on the surface, as observed
ith HP SXRD [4]. However, this ˛-PtO2 has not been detected ineight proﬁles of Pt(1 1 0) obtained with the sample in the closed reactor in vacuum
the ReactorSTM, most likely because the CO/O2 partial pressure
ratio could not be lowered far enough in this experiment.
A model summarizing the results of this work, previous STM
data, the SXRD data, and the DFT results is given in Fig. 3. The
well-prepared surface in vacuum shows the (1x2) missing-row
reconstruction (Fig. 3A). This reconstruction is lifted in a CO-rich
ﬂow forming a rough (1x1) surface (Fig. 3B). The roughness is
decreasing over time enhanced by the elevated temperature to a
well-ordered (1x1) structure (Fig. 3C). When the composition is
changed from CO to O2 rich, the commensurate surface oxide forms,
with the incorporated carbonate ions (Fig. 3D). The roughness of
this oxide increases as a result of the Mars-Van Krevelen-like reac-
tion mechanism (Fig. 3E). Increasing the CO concentration again
reduces the oxide and a rough (1x1) surface is obtained (Fig. 3F).
The rough (1x1) surface smoothens to restore a ﬂat (1x1) surface as
depicted in Fig. 3C. The cycle between Figs. 3C, 3D, 3E, and 3F could
be reproduced many times. A parallel cycle involves the forma-
tions of the incommensurate and bulk-like ˛-PtO2 at an even lower
CO/O2 ratio. This oxide also roughens through a similar mechanism,
only much slowly because the reaction rate is lower due to the low
concentration of CO present. As mentioned already, this ˛-PtO2 has
not yet been observed in the ReactorSTM.
One of the major advantages of the ReactorSTM over other STMs
able to scan at near-ambient pressures is that we  can not only goFig. 6. Change in gas composition measured as a function of Ar (red) and H2 (blue)
ﬂow rates. The pressure inside the reactor was kept constant at 1.2 bar throughout
the  entire sequence. Note that the total ﬂow rate (sum of Ar and H2 ﬂow rates)
was varied. The grey regions indicate the time intervals in which the STM images of
Figs. 7A-F were obtained.
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Fig. 7. STM images obtained with the ReactorSTM during exposure of Pt(1 1 0) at room temperature to mixtures of Ar and H2. The STM images were measured from top to
bottom. (A), Surface imaged in pure Ar, 18 nm × 18 nm, Itunnel = 60 pA. (B), STM image during switch from pure Ar to 1:5 H2/Ar ratio. The blue dot indicates the scan line of
the  switch. 84 nm × 85 nm,  Itunnel = 98 pA. (C), 1:5 H2/Ar ratio, 79 nm × 85 nm,  Itunnel = 165 pA. (D), 1:1 H2/Ar ratio, 75 nm × 82 nm, Itunnel = 165 pA. (E), 1:1 H2/Ar ratio, 403 nm
×  386 nm,  Itunnel = 165 pA. (F), pure H2, 49 nm × 56 nm,  Itunnel = 166 pA. All STM images were obtained at room temperature and with Vbias = −0.70 V.










































Tig. 8. Three height proﬁles averaged around zero. Two height proﬁles (green and 
ith  the projection of these height proﬁles.
roduction, when switching back and forth from CO to O2 rich.
hese peaks are indicative of Langmuir–Hinshelwood (LH) kinet-
cs in which the reactivity is highest when the CO and O surface
overages are equal. The details in Fig. 4, however, show more
nteresting behavior. One is the fact that the reactivity of the oxide,
hich is present under oxygen rich conditions, is higher than the
eactivity of the metallic surface, which is present under CO-rich
onditions. The other interesting detail is the presence of narrow
pikes notable just before the LH peaks in the CO2 production but
nly when switching from the oxide to the metallic surface. These
pikes are ascribed to the increase in reaction rate when the CO
ontent above the oxide is raised and the sudden drop in reaction
hen the active surface oxide is removed at the point where the
O supply has become too high. To make this effect more visible,
igs. 4B and 4C show two small regions of Fig. 4A on an expanded
ime scale.
.2. Exposure to H2 and NO
The second reaction that we investigate in this article, is the
eduction of NO by H2 on Pt(1 1 0). This reaction is related to the
eduction of NO by CO, which is again one of the important reac-
ions in an automotive catalyst. The nature of this system is more
omplicated than the oxidation of CO, in which there is only one
ajor reaction with a single product. To reduce NO using H2 several
athways are possible, creating a combination of NH3, H2O and N2,
mong others. These products could have a profound inﬂuence on
he structure of the catalyst. The ﬁrst stage in our investigation of
his reaction system has been to expose Pt(1 1 0) to H2 and NO at
igh pressure (1.2 bar) at room temperature.
In these experiments, the starting conﬁguration of the Pt(1 1 0)
urface was less well-ordered than that in the CO oxidation exper-
ments, presented in Figs. 1A and 2A. In Fig. 5A, an STM image of
4 nm × 85 nm is shown. Before this image was measured, the sur-
ace was exposed for several minutes to the poor vacuum of the
ow reactor cell. In the STM image, it is clearly visible that the sur-
ace shows a pattern of rows with a few distinct widths, which we
ill discuss ﬁrst.
Fig. 5B shows three height proﬁles taken from Fig. 5A. These
eight proﬁles have been averaged over several lines to increase
he signal-to-noise ratio. Proﬁle 1 (black) shows predominantly
arrow rows with a repeat distance of 0.74 nm.  This measured dis-
ance corresponds nicely to the (1x2) period of 0.78 nm [30]. In this
eight proﬁle, several larger periods can be observed of 1.14 nm.
he height corrugation of these wider rows is somewhat largerwere taken from Fig. 7A and one (black) from 7F. The inset shows the STM images
than that for the rows with the regular (1x2) period. The increase
in both width and corrugation suggest that the wider periods are
(1x3) missing-row conﬁgurations. Proﬁle 2 and 3 (blue and green)
in Fig. 5B also show mixtures of the (1x2) and (1x3) structures
and mono-atomic steps on the Pt(1 1 0) surface. Partial lifting as
observed in Fig. 1A has not been witnessed in the low vacuum
of the reactor before the NO reduction experiments. This change
with respect to the CO oxidation experiments can be attributed
to the increased pumping speed of the reactor before starting the
high-pressure experiments. In conclusion, the Pt(1 1 0) at the start
of the NO reduction experiment showed a mixed (1x2) and (1x3)
missing-row structures without the partial lifting of the surface
reconstruction.
3.2.1. HP exposure to Ar-H2 at RT
After the surface had been characterized in the reactor vacuum,
a ﬂow of Ar was  established at a pressure of 1.2 bar. After setting this
ﬂow, the surface was imaged within a minute. After 10 minutes in
the Ar ﬂow, the gas composition was  changed stepwise from pure
Ar to pure H2 while the surface was  imaged with STM. The change
of gas composition over time was  realized within 30 minutes and
is depicted in Fig. 6. Figs. 7A and 7F show STM images of the surface
in pure Ar and pure H2, respectively. When these images are com-
pared to the image of Fig. 5A taken in vacuum, an increase in noise
is apparent at the higher pressure. This increase could be the result
of impurities in the Ar ﬂow that interact with the tip. Nevertheless,
we still resolve the atomic rows. In addition to atomic steps, rows
within the terraces can be observed.
In Figs. 7B-E, four STM images are shown for intermediate H2/Ar
gas compositions. Fig. 7B shows the image in which the gas com-
position was changed from pure Ar to 1:5 H2/Ar ratio. Due to the
gas-ﬂow-induced change in the vertical drift, the height signal of
the STM shows precisely at which point in time the surface was
confronted with the change in gas composition (see blue dot in
Fig. 7B). This effect remains visible even after line-by-line back-
ground subtraction. It is noteworthy that before the gas switch a
tip change occurred in pure Ar. This tip change greatly enhanced
the resolution and some additional internal structure became vis-
ible within the atom rows. Figs. 7D and 7E show STM images for
higher H2/Ar ratios. The images show a progressive rounding of
the steps and a gradual disordering of the missing-row structure.
Fig. 7E is an image that was  zoomed out with respect to Fig. 7D.
A mild, rectangular depression can be discerned in the center of
Fig. 7E, corresponding to the scan area of Fig. 7D and previous STM
images. The structure that is visible in this region seems somewhat
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Fig. 9. Gas composition as a function of time and in situ STM data. (A) shows the stepwise change from H2 (blue, ﬂow in mL/min) to NO (green, ﬂow set point in mL/min)
at  room temperature at a constant reactor pressure of 1.2 bar. Grey regions indicate at which point in time and conditions the four, (B-E), STM images were obtained. (B),
surface  imaged in pure H2, 80 nm × 82 nm,  Itunnel = 139 pA. (C), surface in nearly equal H2/NO ratio, 73 nm × 80 nm, Itunnel = 141 pA. (D), sample in pure NO atmosphere, 78 nm
×  80 nm,  Itunnel = 141 pA. (E), surface after prolonged NO exposure, 158 nm × 160 nm,  Itunnel = 139 pA. All STM images were obtained with Vbias = −0.70 V. STM images recorded
in  NO ﬂow show frequent tip changes to a state with strongly enhanced resolution.
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partners.O  ﬂow at room temperature showing enhanced resolution after a tip change. 77 nm
 45 nm,  Vbias = −0.70 V and Itunnel = 140 pA.
moother than that in the freshly scanned region around it. This
mooth depression is probably tip-induced and may  be indicative of
ip-enhanced surface mobility under these conditions. To separate
etween changes induced by the gas composition and to minimize
ip effects, Fig. 7F was taken in a completely fresh region of the
urface. Fig. 8 shows height proﬁles taken from Figs. 7A and 7F,
hich are reproduced in the insets. Two height proﬁles (green and
lue, Fig. 8) have been taken from the image in pure Ar (Fig. 7A),
nd they predominantly show a regular row pattern. The period
orrespond to the (1x2) missing-row structure with isolated larger
eriods, most likely (1x3) missing-row conﬁgurations, similar to
he structure observed in vacuum (Fig. 5).
The black curve in Fig. 8 shows the height proﬁle of the image
aken in pure H2. This height line shows structures with both the
1x2) and the (1x3) missing-row periods as well. The observation
hat both missing-row structures remain intact indicates that the
xposure to Ar and (short) exposure to H2 does not signiﬁcantly
hange the surface structure.
.2.2. HP exposure to H2-NO at RT
Prolonged exposure of the Pt(1 1 0) surface (48 minutes after H2
as ﬁrst introduced) to H2 at 1.2 bar at RT, resulted a row structure
ith a (1x4) rows, identiﬁed to have a (1x4) periodicity. Also, some
eeper missing rows can be observed (Fig. 9B). A detailed analysis of
his (1x4) structure and the conditions under which it forms will be
he subject of a separate paper [36]. The (1x4) reconstructed surface
as been exposed to NO at increasing NO/H2 ratios, see Figs. 9C–E.
ig. 9A shows the gas composition as a function of time. During each
hange of gas composition, the surface was continuously imaged.
he blue dot in the ﬁrst image indicates the switching point from
ure H2 to an NO/H2 ratio of 0.14. In general, the imaging quality
eems to deteriorate only slightly when switching from H2 to the
ore reactive NO. This observation is rather remarkable since the
aterial of the tip was W and this is not known as a particularly
oble metal. Tip changes are visible in Figs. 9C and 9D, some of
hich temporarily enhance the imaging resolution signiﬁcantly.
eatures of one to several pixels can be distinguished with very
igh contrast. In both images a single pixel corresponds to 0.21 nm,
lightly smaller than the distance between neighboring Pt atoms
0.277 nm [37]). Fig. 10 shows a selected region from an STM image
aken directly before Fig. 9E in a pure NO atmosphere. This region
xhibit enhanced resolution and the row structures can be seen to
ave disappeared. Directly after the acquisition of this image, the
can region was zoomed out a factor two to check for tip effects,
ee Fig. 9E. Although the resolution in Fig. 9E is not as high as that
n Fig. 10, no tip effect is identiﬁed and the loss of the row structure
s observed to have occurred also outside of the previously scanned
rea.is Today 244 (2015) 85–95
Figs. 9 and 10 demonstrate that when surface and tip are
exposed to a gas ﬂow that contains NO, frequent tip changes occur
that often lead to a signiﬁcant improvement in imaging resolu-
tion. This effect could be caused by the adsorption of NO on the
tip apex, thereby changing the tunneling characteristics. Function-
alizing STM tips to improve resolution or to give chemical contrast
in STM images has been achieved before with CO [38,39], S [40], H2
[41], and O2 [42].
Currently, We  are investigating the H2- and NO-induced struc-
tural changes of the Pt(1 1 0) surface at elevated temperatures,
which appear to be more dramatic than the rearrangements
reported here for room temperature. These higher-temperature
observations are complemented with measurements of the reac-
tion rates, e.g., by measuring the partial pressure of the N2 that is
produced, as we  illustrated in Fig. 4 for the CO oxidation reaction
on the same surface. These higher-temperature experiments will
form the subject of a future publication.
4. Conclusions
In this paper, we have presented the ﬁrst results obtained with
the ReactorSTM, an STM combined with a ﬂow reactor cell. This
system was  used to study two highly interesting catalytic reac-
tion systems, namely CO oxidation and NO reduction, both on the
Pt(1 1 0) surface. Under CO oxidation conditions, we  have shown
that this surface can adopt different structures. The (1x2) missing-
row reconstruction exhibited by a clean Pt(1 1 0) surface, is lifted
under reaction conditions. At high CO partial pressure, the surface
shows an unreconstructed Pt(1 1 0)-(1x1) structure. At lower CO/O2
partial pressure ratios, the surface transforms into a (1x2) surface
oxide. Previous STM, SXRD and DFT studies have identiﬁed this
oxide as a lifted-row conﬁguration, stabilized by the incorporation
of rows of carbonate ions and oxygen atoms [4]. In this paper, we
have presented the ﬁrst STM images, in which the atomic rows of
this structure are resolved. In addition to this strong dependence of
the surface structure on the partial pressures of the reactants, we
measured an increased catalytic activity of the surface oxide com-
pared to the metallic (1x1) surface. This higher activity reﬂects an
alternative reaction pathway of the Mars-Van-Krevelen type. We
have also observed that this reaction leads to the build-up of sur-
face roughness. The ˛-PtO2 structure, that we  have identiﬁed with
SXRD under even more O2-rich conditions was  not observed in the
present STM study, possibly because the CO/O2 partial pressure
ratio has not reached sufﬁciently low values in this experiment.
To acquire more insight into the reduction of NO, another
important reaction in heterogeneous catalysis, we  have studied the
structural changes of the Pt(1 1 0) surface as a function of NO and
H2 partial pressure. Prolonged H2 exposure produced both a (1x4)
missing-row conﬁguration and some deeper nested missing rows.
NO exposure of this surface slowly lifted the surface reconstruction
and the row pattern disappeared, leaving ﬂat terraces on the sur-
face. Remarkably, the W tip was  relatively stable in the corrosive NO
atmosphere. Even more interestingly, the tip frequently switched
into a state with signiﬁcantly improved imaging resolution under
NO-rich conditions.
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